Identificationof FluorescentPseudomonasSpecies
Dennis C. Shelly,' J. M. Ouarles,2 and Islah M. Warner' Fluorescent pseudomonads may be identified through examination of the fluorescence "profiles" of diffusible pigments released into the growth medium. The profiles are obtained in the form of an emission-excitation matrix, the elements of which correspond to fluorescence intensity as a function of multiple exciting and emitting wavelengths. Use of a rapid scanning fluorometer to acquire these data provides a relatively fast method for identification of the microorganisms after incubation. This procedure can potentially be expanded for the identification of other microorganisms.
AddItIonal Keyphrases: microorganisms #{149} "fingerprinting" organisms by the unique spectra of released pigments An individual's fingerprint is a characteristic by which he can be identified.
Similarly, many investigators have realized that a sample can be identified by measurement of one or more characteristic chemical or physical features. These measurement procedures, termed "fingerprinting" methods, may also be used to identify the origin of the sample or to predict a property of the sample such as its chemical reactivity. 
Materials and Methods

Theory and Instrumentation
Two properties of fluorescence have been universally recognized for pure solutions of almost all fluorescing molecules: (a) the emission spectrum is independent of the exciting wavelength, and (b) the excitation spectrum is independent of the monitored emission wavelength. It is also known that the excitation spectrum usually replicates the absorption spectrum, if corrected for instrumental artifacts such as lamp output. Thus, one is provided with two spectra to fingerprint a fluorescing species. These properties are discussed in greater detail elsewhere (3) . Examination of the emission and excitation spectra in the form of a matrix (i.e., emission-excitation matrix, EEM) provides several advantages for multicomponent analysis by fluorescence spectroscopy (4, 5) . For a single fluorescing component this matrix has the linear algebraic form
F is the vector product of the two vectors x and yt,where x is the observed excitation column vector and yt is the observed emission row vector. Here, we have assumed that all concentration-dependent terms are combined into the vector x. For n fluorescing components at low absorbance, F would be expected to be simply the sum of the individual contributing emission-excitation matrixes:
where i enumerates the fluorescing components. These mathematical statements can be better examined in terms of the diagrams shown in Figure 1 . Consider the hypothetical EEM of Figure In the work we report here, we used a newly developed video fluorometer to rapidly acquire data in the form of an EEM. This system, described previously (12) , is capable of acquiring a matrix of 2500 data points corresponding to fluorescence intensity as a function of 50 different exciting and 50 different emission wavelengths in less than 1 s. 
Preparation of Cell-Free Growth Media
All organisms were grown in 250 mL of the sterile minimal medium for 24 h at 37 #{176}C with agitation on a rotary shaker. The cultures were then centrifuged (15 mm, 8000 X g, 4 #{176}C).
The supernate was decanted and filtered through a membrane filter (Millipore Corp., Bedford, MA 01730; 0.45 m av. pore size). The cell-free medium was frozen without delay and kept at 0 #{176}C until extraction with ether, as described below.
Principle of Technique
To identify the microorganisms by their fluorescent pigments, one could look at the spectral profiles of the pigments associated with whole cells or at the profiles of pigments that have diffused into the growth medium. We used the latter approach.
Initially, we examined the filtered medium directly. This proved ineffective in that only minor differences in the spectral profiles of the seven cultures were noted. An examination of the inoculated medium over the pH range of 2 to 10 showed that EEM's were most different at about pH 2. At pH's $10, scattered light increased significantly because insoluble compounds formed. Although we noted differences in the medium at pH 2, one or two spectrally similar fluorophors in each EEM seemed to dominate, being more intense than the "characteristic" fluorophors.
Ideally, the morecharacteristic fluorophors would be enhanced over the lesscharacteristic ones in some way to obtain a distinct fingerprint. After some experimentation, we found that extraction of the pH 2 acidified medium with anhydrous ethyl ether produced a suitably characteristic profile.
Extraction Procedure
Characteristic fluorescent pigments were extracted from the cell-free medium according to the following procedures. For P. aeruginosa strains ATCC 9721, MMI-2, TDH 0492, and FWS, we acidified 2 mL of medium in a 13 X 100 mm culture tube to pH 2 by adding 35 zL of concentrated HC1. Three 1-mL extractions with absolute ether were done by capping the tubes, shaking them for 10 s, allowing them to stand for 20 s, and removing the ether layer with a Pasteur pipette. The ether layers were combined and 1 mL of fresh ether was added, to make the total volume of ether extract 4 mL. Each extract was promptly stored at 0 #{176}C in a capped vial.
For P. aeruginosa TDH 06089 and 0461 and P. fluorescens FWS, we acidified to pH 2 by adding 260 .tL of concentrated HC1 to 15 mL of medium in a 20 X 150 mm culture tube. We made three 15-mL extractions with absolute ether as described above. The combined ether layers were concentrated to dryness under reduced pressure in a rotary evaporator; 4 mL of ether was added to the residue from P. aeruginosa TDH 06089 and P. fluorescens FWS, and 10 mL of ether was added to the residue from P. aeruginosa TDH 0461. The ether solution was stored at 0 #{176}C until analysis.
Results
We selected six strains of P. aeruginosa and one strain of P. fluorescens for study. Pseudomonas is an aerobic Gramnegative rod common in soil and water and is frequently associated with severe respiratory and burn infections (13) . Many species of the genus produce diffusible yellow-green fluorescent pigments in iron-deficient minimal medium (14) . A recent review (15) reports that many different fluorescent pigments have been observed for various species of Pseudomonas, but their structure and function remain largely unknown.
The present study was designed to determine whether various pseudomonads grown under identical conditions would reproducibly produce unique profiles of these pigments.
We examined all of the microorganisms during the logarithmic phase of growth, under the conditions specified in the experimental section. Figure 2 Figure 3 . The viewing angle and wavelength ranges for emission and excitation are the same for all of the data sets. Consequently, the spectral differences noted in each EEM can be compared directly. Almost all of the observed spectra are distinct for each microorganism.
In the case where similar EEM's are obtained, a closer examination of relative peak ratios or relative overall pigment in- b Approximately three times the intensity of the most intense peak.
Relative intensity normalized to the corrected scaling factor (dilution factor X scaling factor).
tensity indicate the uniqueness of the spectra. For example, P. aeruginosa TDH 0492 ( Figure 3c ) and P. fluorescens FWS (Figure 3g ) have similar spectral
characteristics, but Table  1 shows the former produced about 125-fold more pigment than the latter. A similar conclusion can be drawn by comparing P. aeruginosa MMI-2 and P. aeruginosa TDH 0461. Also included in Table 1 is the relationship between the scaling factor (relative intensity) and relative pigment intensity of the corresponding medium for the fingerprint data in Figure 3 . The scaling is necessary because the actual EEM profile was our major interest and some of the extracts did not contain a sufficient concentration of fluorescent pigments unless concentrated.
We also investigated the reproducibility of the fingerprinting technique.
Two cultures of each of the seven bacteria were processed separately according to the above procedures. The fingerprints for replicate cultures were essentially the
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Retention vo#{234}jrT,e, mL same, except for minor differences in relative fluorescence intensity.
The reproducibility of this approach was excellent, and the error in the duplicate EEM was estimated to be less than 5%.
A Note that the profiles of the chromatograms in Figure 4 differ. This difference is in harmony with results of the EEM fingerprinting technique. Figures 3a, b, d , and e have similar spectral characteristics, i.e., shape and wavelength maxima. In current studies, we use a video fluorometer as a detector after liquid chromatography to determine more about the structure of the pigments and their role as secondary metabolites in these organisms.
Discussion
Our study shows that EEM fingerprinting is a viable technique for identification of fluorescent Pseudomonas species. Much data is generated relatively quickly (e.g., 2500 data points in 0.8 s). As explained earlier, the long growth period for the microorganisms can be shortened considerably. We made no effort to optimize the extraction procedure. The extraction scheme presented here was used simply because it was the first procedure we studied that produced significant differences in the EEM's. Some other procedure may be more efficient for extracting the measured pigments. This is particularly true for P. aeruginosa TDH 0461 and 06089 and P. fluorescens FWS, which showed considerably more relative fluorescence in the inoculated medium than in the extracted sample. In addition, studies are currently underway to investigate the influence of media components on the fingerprint EEM. These studies may lead to a shorter incubation time through stimulation of characteristic unique metabolites, increased growth, earlier production of fluorescent product, or some combination of these. 
